Transformation of reverted austenite in a maraging steel under external loading: an in-situ X-ray diffraction study using high-energy synchrotron radiation
Introduction
The deformation-induced martensitic transformation of metastable austenite in iron-nickel alloys was first discovered by Scheil [1] in 1932. In the past, numerous studies reported martensitic phase transformations in various austenitic stainless steels, especially focusing on low-carbon steels with the chemical composition 18 wt.% chromium and 10 wt.% nickel [2 -14] . As often described in the literature, the martensitic transformation affects the plastic deformation behavior of these steels. This so-called effect of transformation-induced plasticity (TRIP effect) shows additional work-hardening and enhanced ductility arising from martensitic shear and plastic deformation processes around martensite plates [4, 14] . Besides scientific interest, the TRIP effect is of great technological importance for industrial applications, such as automotive panels, since substantial enhancements of ductility, toughness, and deformability are achieved. Low-alloyed steels containing retained austenite also show the TRIP effect, which was reported by several studies [15 -24] . Besides these two major classes of steels, austenitic stainless steels (*18 wt.% Cr, *10 wt.% Ni) and low alloyed TRIP steels, not much is known about the deformation induced martensitic transformation behavior in other types of steels containing austenite, e. g. martensitic precipitation hardening steels (maraging steels). Maraging steels belong to the group of high strength steels possessing superior mechanical properties [25] . They have a martensitic matrix, which is strengthened by nanometer-sized intermetallic precipitates [25 -28] . Maraging steels of type PH 13-8 Mo tend to form reverted austenite with increasing time of aging [26, 29, 30] . The volume fraction of the austenitic phase significantly influences the mechanical properties. Yield strength, tensile strength, and fatigue strength decrease, however, total elongation at fracture and absorbed energy in impact tests increase with increasing amount of austenite [31] . Katz et al. [32] studied the mechanical stability of austenite in high nickel and cobalt containing maraging steels. They reported that two different types of retained austenite can occur, which were mechanically stable or unstable at room temperature depending on the performed heat treatment [32] . However, the detailed deformation-induced kinetics of the martensitic phase transformations in maraging steels under external loads is still an open question and needs more detailed investigations. Due to the fact that the amount of austenite in steels is of high scientific and technological relevance, the literature reports several experimental techniques for quantifying the austenitic phase in steels. Consecutively, the most important experimental methods are mentioned: transmission electron microscopy [5, 6, 22, 31] , scanning electron microscopy applying electron backscattered diffraction [24] , density measurements [7] , Mössbauer absorption spectroscopy [32, 33] , magnetic measurements [1, 2, 7, 8] , dilatometer measurements [1, 23] , atom probe tomography [33] , differential scanning calorimetry [34] , X-ray diffraction using laboratory sources [1, 9, 10, 12, 15 -17, 23, 24, 31, 32, 35] , and neutron diffraction [36] . Several studies compared the results of various methods, revealing advantages and disadvantages of the applied techniques. In particular, X-ray diffraction is commonly used because crystallographic phases, volume fractions, crystallite sizes, and lattice parameters can be detected quite easily. However, conventional diffractometers operating in Bragg-Brentano setup using laboratory sources bear the disadvantage of high photon absorption, which limits the investigated sample volume to a thin nearsurface zone with a thickness of the order of 10 lm, depending on the chemical composition. The high absorption makes X-ray diffraction measurements extremely vulnerable to experimental artifacts due to surface texture and sample preparation. The use of synchrotron radiation overcomes these deficiencies and enables a superior potential of experimental studies. High-energy X-rays, such as provided by modern synchrotron radiation sources, bear the advantage of high photon brilliance and low absorption in most materials [37] , enabling time-resolved in-situ measurements in transmission geometry of bulk materials of several millimeters in thickness [38, 39] . In-situ X-ray diffraction experiments allow determination of the entire path of phase transformation on one single specimen. Therefore, influences from different chemical compositions and microstructures in various samples are avoided. Furthermore, in-situ studies enable the detection of phase transformations in elastically and plastically deformed samples. This procedure is of great importance for detecting the early stages of transformation. These facts make in-situ experiments superior to other ex-situ investigations using laboratory X-ray sources. Recently X-ray diffraction experiments using synchrotron radiation were applied for studying martensitic phase transformations in steels during in-situ heat treatments [38, 40 -42] and external loading [18, 19, 43, 44] . In-situ tensile testing experiments were performed on fully austenitic steels [43, 44] and low-alloyed TRIP steels [18, 19] . However, phase transformations in maraging steels under external load have not been subject to in-situ X-ray diffraction studies up to now.
The goal of the present study is a systematic investigation of the martensitic phase transformation behavior of reverted austenite in a maraging steel of the type PH 13-8 Mo under external load. A tensile testing machine was attached to a synchrotron radiation source representing a powerful tool to elucidate the phase transformation. The work focuses on the changes in volume fractions, crystallite sizes, and lattice parameters of differently heat treated material as a function of the applied strain. Therefore, it opens the field of a more detailed investigation on the martensitic transformation of reverted austenite in the widely used class of maraging steels.
Experimental
The material used for the present investigation was a commercial maraging steel of the type PH 13-8 Mo, which was supplied by Böhler Edelstahl GmbH & Co KG, Kapfenberg, Austria, as a rolled bar with a diameter of 150 mm. The nominal chemical composition of the steel is given in Table 1 . All samples were solution annealed in air at a temperature of 1173 K for 1.5 h and then air-cooled to room temperature. Subsequently the samples were isothermally aged at 848 K for 3, 5, 10, 15, and 100 hrs followed by aircooling to room temperature. The differently heat treated samples were machined to tensile test specimens according to the standard specifications of DIN EN 10 002 with a diameter of 4 mm and a gauge length of 20 mm. The longitudinal direction of the tensile test samples was parallel to the rolling direction of the raw material. The tensile testing was performed according to the standard DIN EN 10 002 using a tensile testing machine Zwick UPM 1485 to characterize the influence of different heat treatments.
High-energy X-ray diffraction studies of the phase transformation in the investigated maraging steel were performed at the GKSS Engineering Materials Science Beamline HARWII-II [45] at HASYLAB/DESY. Figure 1 shows a schematic representation of the experimental setup used in the experiment. The synchrotron radiation was monochromatized by a water-cooled double-Laue-crystal (Si 111) to a nominal energy of 100 keV and the beam cross section was defined by aperture slits to 0.5 · 0.5 mm 2 at the sample position. The X-ray diffraction experiments were performed in transmission geometry. A two-dimensional image plate detector (mar345) with a resolution of 3450 · 3450 pixels (pixel size: 100 · 100 lm 2 ) was positioned at a sample-todetector distance of 950 mm to detect the scattered photons. For studying the phase transformations, a tensile testing machine (Instron 8800) was mounted on the sample tower of the diffractometer at the experimental station of the synchrotron beamline [45] . In-situ tensile testing was performed at room temperature according to the standard DIN EN 10 002 up to fracture of the sample. However, for the X-ray diffraction measurements the testing was stopped at constant cross-head displacement for several seconds. The position of measurement was at the zone of the lateral contraction, which was monitored by a calibrated video telescope. An exposure time of 10 s yielded diffraction patterns with sufficient counting statistics. ed maraging steel contains only diffraction peaks from the martensitic a' phase. The X-ray diffraction patterns were normalized to the incident intensity of the monochromatic beam and suitably corrected for parasitic background scattering and electronic noise of the detector by using the primary data reduction program FIT2D [46] . All diffraction patterns were azimuthally averaged over 3608 for equal radial distances from the central beam. Additionally narrow sectors (± 108) were integrated parallel and orthogonal to the tensile testing axis (Fig. 2) .
Results
The results of conventional tensile testing of the maraging steel PH 13-8 Mo are illustrated in the engineering stress r versus strain e plots in Fig. 3 . The strong influence of isothermal aging time at 848 K on the mechanical properties is clearly visible. In particular, the specific energy of deformation U, defined as U ¼ R r de, the total elongation at fracture, and the strain hardening increase with aging time. Whereas the yield strength and tensile strength decrease with increasing aging time.
3.1. In-situ X-ray diffraction performed in tensile testing Figure 4 displays a series of azimuthally over 3608 averaged X-ray diffraction patterns of the maraging steel PH 13-8 Mo isothermally aged at 848 K for 15 h in various states of the in-situ tensile testing experiment. The intensities of the c phase diffraction peaks strongly decrease with increasing strain e, whereas the diffraction peaks of the a' phase remain mostly unaffected, indicating a strong decline in c phase volume fraction. With increasing e, the width of the diffraction peaks of both phases increase and a slight shifting of the peak positions is observed. These results are qualitatively found in all aged samples. For a quantitative analysis of the volume fractions of martensite V a' and austenite V c , the widely used method of direct comparison of the integrated intensities I was applied. For materials containing only two crystallographic phases, the sum of the volume fractions of the coexisting phases is one. Accordingly, the evaluation follows the procedure described in [35] , where it is shown that this method is also valid for textured samples whenever evaluating at least three diffraction peaks of each individual phase. Numerous references confirm the reliability of this evaluation method for analysis of phase fractions in various steels [7, 12, 18, 32, 41] . The volume fraction of austenite V c is given by where N and M are the total numbers of considered diffraction peaks of the austenite and martensite phase, respectively. The index i refers to the Miller indices h k l of the respective peaks. R a' and R c are normalization factors of the diffraction peaks of the a' and c phases, respectively, which are given by [35] R ¼ jFj
The factors of the normalization parameter R represented in Eq. (2) were calculated for the in-situ X-ray diffraction experiment using synchrotron radiation with a photon energy of 100 keV. For face-centered cubic and body-centered cubic crystal structures, the square of the structure factor F magnitudes are given by jFj 2 ¼ 4 f 2 and jFj 2 ¼ 16 f 2 , respectively, where f is the atomic scattering factor, taken from reference [47] . The temperature factor (Debye-Waller factor) exp(-2M) accounts for the thermal vibration of the crystal lattice. L represents the Lorentz factor, P the polarization factor, A the absorption factor, M the multiplicity of the diffraction peak, and v is the volume of the crystal unit cell. The volume of the crystal unit cell was calculated by v = a 3 , where a is the lattice parameter determined by the scattering angle 2h 0 of the respective diffraction peak. The average lattice parameter of the martensitic a' phase and the austenitic c phase were determined from the mean experimental scattering angle 2h 0 of the considered h k l diffraction peaks using Bragg's equation for the cubic lattice (3)
where k is the wavelength of the applied radiation and n is the total number of the considered diffraction peaks. As can be seen in Fig. 4 , several diffraction peaks are not clearly divided. Therefore, only the well separated peaks a'-200, a'-211, a'-321, c-200, c-220, and c-311 were taken into account. A pseudo-Voigt distribution [48] was chosen for analysis of the peak profiles. Positions of the diffraction peaks 2h 0 , full widths at half peak maximum w, peak areas I, and coupling parameters g were fitted parameters. A linear background was chosen, taking into account the baseline of the diffraction pattern. The X-ray diffraction patterns were analyzed by performing least-squares data fitting of the individual diffraction peaks using a custom-written program based on the free software Python (Python Software Foundation) and Gnuplot (Gnuplot Software by Williams and Kelley). The datasets parallel and orthogonal to the direction of loading and the azimuthally averaged over 3608 were leastsquares fitted by the described model function.
In the unloaded state, the volume fraction of austenite V c in the material aged at 848 K depends on the aging time and was determined as follows: 7 vol.% in 3 h, 9 vol.% in 5 h, 16 vol.% in 10 h, 21 vol.% in 15 h, and 30 vol.% in 100 h. Figure 5 shows the results of the quantitative evaluation of the volume fraction of austenite V c as a function of engineering strain e for all five aged samples. It can be seen that V c continuously decreases with increasing strain. The transformation takes place in the elastic as well as the plastic regions, whereas the decrease in the plastic regime is much more pronounced. The fact that not all curves reach the zero line is due to the inability of determining the volume fraction of austenite at the onset of fracture. The retained austenite will be transformed between the strain value of the last measurement and elongation at fracture (see Section 3.2.).
As seen in Fig. 4 , the width of the diffraction peaks changes with increasing strain. Therefore, the Scherrer size K hkl , also referred to as domain size of the crystallite in the respective crystallographic direction h k l, is estimated by applying the Scherrer equation [49] 
where K is a shape-dependent factor, which is set to 0.9 [49] , k is the wavelength of the used radiation, w hkl is the full width at half maximum of the diffraction peak, and 2h hkl is the corresponding Bragg angle. The term \domain" is attributed to small regions within both the a' and the c phases, which have crystallographic order (ordered domains). One single grain may contain several domains of different crystallographic order. Thus the domain size is not equal to the grain size measured by optical microscopy. For the analysis, w hkl from the azimuthally over 3608 integrated X-ray diffraction patterns were taken. The influence of instrumental broadening was checked by measuring a sample of re-crystallized copper, where it was shown that the influence on the width of the diffraction peaks is not significant. Figure 6 shows the results of the domain size K derived from the a'-200 (Fig. 6a ) and c-200 (Fig. 6b ) diffraction peaks as a function of strain. The domain size of both phases decreases with increasing strain in tensile tests, reaching a constant value of about 7 nm for austenite and martensite. It can be clearly seen that K a'-200 and K c-200 of the sample aged at 848 K for 100 h are higher than for specimens aged at the same temperature for shorter times. A comparison between martensite and austenite shows that the domain size of martensite decreases more strongly than for austenite for all aging treatments. The variation in the lattice parameter a in the martensitic a' phase and the austenitic c phase as a function of strain e is shown in Fig. 7 . It is obvious that the lattice parameters parallel and perpendicular to the tensile axis are significantly different. The lattice parameters of martensite and austenite change significantly in the direction parallel to the applied loading in the elastic region and remain fairly constant in the later stages of deformation. The lattice parameters of both phases perpendicular to the direction of external loading do not show considerable changes with increasing strain. This behavior is qualitatively identical for all five states investigated.
Scanning of the specimen after fracture
After fracture of the samples, one remaining half was scanned along the longitudinal direction with a step width of 1 mm to show the differences in the transformation behavior between the regions of lateral contraction and uniform elongation. The analysis of the volume fraction of austenite V c , the domain size K, and the lattice parameter a were performed according the procedures described in Section 3.1. Figure 8 shows the changes in V c , K, and a of the specimen isothermally aged at 848 K for 100 h as functions of the distance from the necking region. The scanning experiment illustrates the significant changes in the respective parameters along the tensile test specimen. The total amount of austenite is transformed in the region close to the fracture surface, Int. J. Mat. Res. (formerly Z. Metallkd.) 100 (2009) 11 A Applied however, only one third of the initial 30 vol.% of austenite is transformed in the zone of uniform elongation as illustrated in Fig. 8a . Also the domain size K shows a strong dependence on the distance from fracture. Figure 8b clearly illustrates that K of both phases becomes smaller in the zone of lateral contraction close to the position of fracture. In the region of uniform elongation, K of martensite and austenite reaches values of approximately 7.5 nm and 8.3 nm, respectively. These values are well beyond the initial domain sizes of about 9.5 nm for both phases prior to tensile testing (Fig. 5) . As shown in Fig. 8c , the lattice parameters of austenite and martensite are constant over the investigated scanning length and there are no significant differences between the directions parallel and orthogonal to the applied load.
Discussion
The martensitic phase transformation of austenite in steels is of great scientific and technological interest due to its influence on the mechanical properties. Up to now, these effects have been intensively studied in austenitic stainless steels and TRIP steels by various methods. However, not much is known about the transformation of reverted austenite under external load in maraging steels. The present work focuses on phase transformation under external loads by applying in-situ X-ray diffraction using high-energy synchrotron radiation.
It is well known that maraging steels exhibit a complex microstructure, containing a martensitic matrix, intermetallic precipitates, and reverted austenite, depending on the heat treatment [25, 26] . The investigated maraging steel PH 13-8 Mo possesses the intermetallic NiAl phase of ordered body-centered cubic structure (B2 type), which is coherently embedded in the martensitic matrix [27, 28] . Up to now, the formation of reverted austenite in maraging steels has been less investigated. It is reported that the partial dissolution of precipitates during the aging treatment leads to a local enrichment of nickel in the matrix, resulting in a formation of reverted austenite [29, 30] . Therefore, the austenitic phase is free of precipitates and shows a low density of dislocations. As demonstrated in Fig. 4 , the X-ray diffraction patterns do not show diffraction peaks of additional phases, e. g. intermetallics, besides martensite and austenite. It is assumed that the scattering intensity of the coherently embedded precipitates is added to the diffraction peaks of the martensitic a' phase. Detailed analysis of the shape of the peak profiles does not show any special features, e. g. shoulders adjacent to the peak flanks or the asymmetry of the profiles. Therefore, martensite and precipitates are treated as one crystallographic phase, which is strictly speaking not correct. However, this fact should not affect the main outcomes of the present study.
The influence of the aging time on the volume fraction of austenite V c in the unloaded state and the specific energy of deformation at fracture U are presented in Table 2 . An increase in V c and U with increasing aging time is shown. One should keep in mind that U is determined by the sum of the deformation energy of martensite and austenite as well as the energy of the transformation from austenite to martensite. The separation of these different energy parts is not possible on the basis of the present results. Therefore, the increase in U cannot simply be attributed to the increasing V c in the unloaded state. If one thinks about applications, where high energy absorption is required, heat treatments which result in a higher value of U could be very beneficial. The decrease in the domain size K can be interpreted as an increasing dislocation density in the material. As shown in Fig. 6 , the rate of decrease is higher for the martensitic a' phase than for the austenitic c phase. However, the total decrease of K is higher for the austenitic phase, which is due to the lower dislocation density in the austenite in the unloaded state before tensile testing. Thus, strain hardening is much higher in the austenitic phase than in the martensitic phase, which can also be seen in the tensile testing curves (Fig. 3) . The constant level of K at higher strain might be due to constant density of dislocations and equilibrium between strengthening and softening.
There is no significant change in the lattice parameters orthogonal to the direction of tensile testing for both phases as function of strain (Fig. 7) . If there were differences in the chemical composition of the austenitic grains, one would expect preferred transformation of grains containing less austenite stabilizing elements in the early stages of deformation. This effect would result in a peak shift with proceeding transformation. However, the present results indicate that there are no peak shifts and therefore no chemical variations of specific elements between single austenite grains.
Katz et al. [32] reported two types of austenite in plastically deformed maraging steels, one mechanically stable and the other unstable. The material investigated in the present work does not show the same behavior. The scanning of the sample after fracture (Fig. 8) clearly demonstrates that the entire amount of austenite transforms to martensite in the zone of lateral contraction. This discrepancy is most probably due to the high amounts of nickel and cobalt and the absence of chromium in the material investigated by Katz et al., which leads to an additional stabilization of the austenite.
A stepwise transformation behavior of strain-induced martensitic transformation, as reported by Hedström et al. [43] for an austenitic stainless steel, could not be observed for the investigated maraging steel. However, one should keep in mind the more advanced experimental setup and the higher resolution in strain of the investigations by Hedström et al. [43] . Therefore, the stepwise transformation cannot be excluded in the maraging steel under investigation.
Summary
The martensitic phase transformation of reverted austenite in the maraging steel PH 13-8 Mo under external load was studied in-situ by X-ray diffraction using high-energy synchrotron radiation. The volume fraction of austenite, the domain size of the crystallites, so-called Scherrer size, and the crystal lattice parameter were studied as functions of strain for six differently heat treated specimens. The results are summarized as follows: (a) Aging at 848 K strongly influences the mechanical properties of the investigated maraging steel. The specific energy of deformation at fracture, the elongation at fracture, and the strain hardening increase with increasing aging time. shows that the volume fraction of austenite and the domain sizes strongly depend on the distance from the point of fracture. The volume fraction decreases towards zero in the zone of lateral contraction, whereas only one third of the austenite is transformed in the region of uniform elongation. (d) In conclusion, X-ray diffraction using high-energy synchrotron radiation in combination with a special in-situ tensile testing machine is a powerful experimental tool, which procures deeper insight into the martensitic phase transformation in maraging steels. However, additional investigations by applying atom probe tomography, electron microscopy, and mechanical testing should be performed to study the transformation of reverted austenite in maraging steels, which is currently work in progress.
